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Abstract
We explore the physics of a new neutral gauge boson, (Z ′), coupling to only third-generation particles and with a mass
near the electroweak gauge boson mass poles. A Z ′ boson produced by top quarks and decaying to tau leptons is
considered. With a simple search strategy inspired by existing analyses of the standard model gauge boson production
in association with top quarks, we show that the Large Hadron Collider has good exclusionary power over the model
parameter space of the Z ′ boson even at the advent of the high-luminosity era. It is shown that the tt¯Z ′ process allows
one to place limits on right-handed top couplings with a Z ′ boson that preferentially couples to third generation fermions,
which are at present very weakly constrained.
1. Introduction
A new neutral massive vector gauge boson, designated
as Z ′, is considered to be a relatively low-hanging fruit
for resonance searches at the CERN Large Hadron Col-
lider (LHC). Due to the numerous allowed combinations
of couplings to standard model (SM) fermions, however,
there remain production and decay modes that are yet to
be thoroughly explored. Of particular interest, in light of
the flavor hierarchy in the SM, is a Z ′ that couples pref-
erentially to the third generation fermions [1–7].
So far, the experimental coverage of third generation
couplings in flavor non-universal Z ′ and their associated
resonances has been mainly limited to heavy masses;
mZ′ & mt [8–12]. Recently, searches for light bb¯ [13] reso-
nances and τ−τ+ [14] resonances in association with b-jets
have been performed, setting limits for the first time on
these signatures. In addition to the inherent difficulties
associated with third generation final states, resonances in
the low mass regime are more challenging, especially in the
vicinity of the electroweak gauge boson mass poles. Since
the present limits are modest and ready to be improved
over the upcoming run cycle of the High Luminosity (HL)-
LHC, the following question is open: is there any new and
exclusively third generation physics around the scale of the
electroweak gauge boson masses?
To this end, and in contrast with existing studies, we
propose a search for a Z ′ that is produced through top
quarks and decays primarily to tau leptons. The negligibly
low presence of top quarks in the proton’s parton distribu-
tion functions (PDFs) at the LHC energy range leads us
to consider Z ′ production either through gluon splitting
∗Corresponding author
followed by top fusion, or top production followed by Z ′
emission. In both production mechanisms, the resonant
ditau is supplemented with a top quark pair which, con-
volved with reliable top tagging, provides an additional
handle in discriminating the signal from the background.
Relevant studies can be found in Refs. [10, 15–32].
For the pragmatically oriented reader, this search is in-
teresting in its own right in how it fits into the landscape
of resonance searches at colliders. From a model building
stand point, however, a model with only such interactions
and particle content is not anomaly free and needs to be
supplemented with additional physics. There are numer-
ous ways to do so. For example in Ref. [30], where a heavy
spectator fermion partner to the top quark is responsible
for anomaly cancellation. Within such models, O(1) val-
ues of the Z ′ couplings to the SM fermions are attainable.
Each model has the potential of altering our limits and in-
troducing additional constraints in different ways. Rather
than restricting ourselves to one such specific model, we
will opt for a minimal setup where the Z ′ couples only
to right handed top quarks and right handed tau leptons,
since this coupling scheme is not strongly constrained by
existing experiments. We will provide the reader with the
mathematical formalism needed to translate our results to
a wider class of models.
This paper is organized as follows: in Section 2 we
present our simplified model, in Section 3 we detail our
search strategy, in Section 4 we present our findings, and
in Section 5 we conclude.
2. The Model
We consider a toy model that extends the SM La-
grangian with an additional U(1)′ gauge symmetry in the
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third generation of the SM fermions and introduces a new
gauge vector boson Z ′. The new physics couplings are
given as follows:
L ⊃ Z ′µ
[
gτ τ¯ γµ(cτLPL + cτRPR) τ + gν ν¯τ γµ(cνLPL) ντ
+ gtt¯ γµ(ctLPL + ctRPR) t+ gbb¯ γµ(cbLPL + cbRPR) b
]
+ h.c., (1)
where gτ , gν , gt and gb are new physics couplings, and
cfX (X = L, R) are the strengths of left handed and
right handed couplings for fermion f . For the case we are
interested in we set ctR = cτR = 1 and all other coeffi-
cients cfX to zero. For the purpose of rescaling the signal,
σ(pp→ tt¯Z ′)× BR(Z ′ → τ+τ−), it is useful to know the
decay width of Z ′ which, in the massless fermion approx-
imation, is given by:
Γ(Z ′ → ff¯) = Nc
24pi
g2fmZ′
(
cfL
2 + cfR
2
)
, (2)
where mZ′ is the Z
′ mass, Nc = 1 for leptons, and and
Nc = 3 for quarks. Note that, as written, the expression
is valid for general values of cL and cR, not just for 0 and
1.
If a bottom quark coupling is included, then the domi-
nant constraint for a light Z ′ boson comes from the added
partial width to the bottomonium decay Υ(1S)→ ττ . The
latest central value of
Rτµ =
ΓΥ(1S)→ττ
ΓΥ(1S)→µµ
= 1.005± 0.013(stat)± 0.022(syst)
was reported by the BaBar Collaboration [33]. The SM
prediction including one-loop QED diagrams and lepton
mass effects is RSMτµ = 0.9924 ± O(10−5) [34]. For the
couplings in Equation 1, Rτµ is modified to
Rτµ = R
SM
τµ
[
1 + (cbL + cbR)(cτL + cτR)
3gqgτm
2
Υ
8piα(m2Z′ −m2Υ)
+O
(
g2qg
2
τm
4
Υ
m4Z′
)]
(3)
where α is the fine-structure constant and mΥ ≈ 9.46 GeV.
If the Z ′ contributes maximally to the upper-1σ Rτµ value
from the BaBar experiment (also including the second-
order contribution), Equation 3 translates to the following
bound:
(cbL + cbR)(cτL + cτR)
(
gqgτ
0.01
)(
40 GeV
mZ′
)2
. 3.29 (4)
Note that if the Z ′ couples only to the right-handed pro-
jections of the third generation quarks, then the top and
bottom couplings may be varied independently of each
other in certain ultraviolet completions. The Υ(1S) de-
cay bounds are presented here assuming the couplings are
equal.
We now proceed to detail our search strategy for
the tt¯Z ′(ττ) final state. The complementary search for
bb¯Z ′(ττ) had been thoroughly investigated in the context
of a (B − L)3 model [7].
3. Search Strategy
For a quark-produced Z ′ decaying to tau leptons, QCD
and tt¯ events are the first SM backgrounds of considera-
tion; they can easily dwarf the signal process with their
& 1000 pb cross-section at √s = 13 TeV. If hadronically-
decaying tau leptons τh are within the event selection, the
τh fake rate for jets of about 0.5−1 % [35] has substantial
effect for such large cross-sections. However, the presence
of light leptons (` = e, µ) with pT & 25 GeV in the event
selection can help mitigate those backgrounds.
The bb¯Z ′ production channel has been thoroughly in-
vestigated by Elahi & Martin [7] (from this point on re-
ferred to as EM19) using purely leptonic τ decay, and while
it benefits from large statistics, it still suffers from these
backgrounds as well as theoretical uncertainties in the pro-
ton’s bottom-quark PDF. Production of tt¯Z ′, driven by
gluon-splitting into top quarks and gluon fusion (Fig. 1),
trades large statistics for smaller PDF uncertainties and
the opportunity to use single- or multi-lepton triggers on
additional leptons from the t → Wb decays. We take
advantage of the higher lepton multiplicity available and
consider semileptonic W decays from tt¯→ bb¯W+W− and
semileptonic ττ decays, for τ` → eντνe or τ` → µντνµ;
bb¯W (→ `ν`)W (→ q¯q)τhτ` (5)
The three-lepton multiplicity of this selection is suffi-
cient to almost entirely eliminate tt¯ as a background, so
we neglect it for the analysis. One could also consider τ`τ`
or τhτh, but we find that the former does not yield good
fidelity in the mZ′ reconstruction and the latter does not
sufficiently reduce the SM tt¯ background. An important
aspect of including a τh is that the pT threshold for τh
triggers needed to sustain high efficiency selection at CMS
and ATLAS (pT (τh) & 30 GeV) is relatively higher than
the triggers for ` = e, µ [36–38]. This is a major factor in
the reduction of QCD and tt¯ backgrounds, but effectively
restricts us to mZ′ & 30 GeV. It is in this way that bb¯Z ′
and tt¯Z ′ searches may be complementary probes.
The remaining irreducible backgrounds in this search
come from tt¯Z, tt¯W±, tt¯H, and tt¯γ∗ events. Since we
consider light mZ′ near the Z pole, the event content and
relevant backgrounds may be very similar to that of a SM
vector boson produced in association with top quarks. One
can utilize some of the same strategies used in tt¯W or tt¯Z
searches [39–42]. From these analyses, we can motivate
the choice of a three-lepton selection τ±h `
∓`∓ with two
same-sign (SS) light leptons that are opposite in sign to
the hadronically decaying tau lepton. The SS requirement
serves to filter out opposite-sign (OS) signatures from SM
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Figure. 1: Representative Feynman diagrams for Z′ production via t-t¯
fusion (left) and tt¯ associated production (right).
Z decays to light leptons. Also, for mZ′ . 50 GeV, the τh-
τ` system can be very proximate in ∆R =
√
∆η2 + ∆φ2
(where η is the pseudorapidity and φ is the transverse az-
imuthal angle of the detector geometry) and merge into
a single τh object during reconstruction. In these cases,
a leptonically decaying associated W , together with the
merged τh object, could fake a semileptonic τhτ`; the 3-
lepton requirement greatly reduces this form of contami-
nation. In order to choose the best light-lepton partner
to the hadronic tau, we pick the one with the smallest
∆R(τ±h , `
∓) to disfavor isotropically distributed τh − W
pairs. Additionally, although the pure tt¯+ jets channel is
partially suppressed by the 3 lepton requirement, the ad-
ditional SS requirement on the light leptons ensures that
the selection does not capture backgrounds arising from
tt¯ → bb¯`+ν`−ν¯ + jets with one jet being misidentified as
τh.
On the hadronic side of the selection, we require at least
three jets in the event and at least one of them b-tagged;
since the b-tagging efficiency is ∼ 60% [43] and the cor-
rect tag of the signal process is mostly dependent on the
lepton selection and overall jet multiplicity, the single b re-
quirement helps increase acceptance without introducing
sizable contamination.
Lastly, to ensure real sources of missing transverse
energy (/ET ) in the event from W → `ν decays, we require
/ET > 30 GeV. The kinematic cuts on b jets, light jets,
the τh, the light (e/µ) leptons, and the /ET in each event
are summarized in Table 1.
We use FeynRules to generate a model file [44] [45] and
MadGraph5 V2.6.4 [46] to generate signal and background
samples. Pythia 8.2 [47] is used for parton showering and
DELPHES 3.4 [48] to model the detector response. We use
a default DELPHES card modified to use a jet-finder cone
radius of ∆R = 0.4 and muon isolation cone of ∆R = 0.3
restricting the summed pT of non-candidate tracks within
the cone to less than 10% of the candidate muon pT . For
simplicity, we simulate signal and background at leading
Table 1: Baseline selection criteria. jb is the number of selected b-jets.
|η|≤ pT ≥ Multiplicity
`± = e(µ) 2.1(2.4) 26(23) 2 SS
τ∓h 2.4 30 1
b-jets 2.4 20 ≥ 1
Light jets 2.4 30 ≥Max(3-jb,0)
/ET - 30 -
order (LO) and apply the “k-factor” multipliers that ac-
count for the next-to-leading order (NLO) corrections for
these processes [49]. Since our search strategy is designed
for background suppression at the cost of few expected
events, it is important to include these NLO corrections
to offset any tree-level underestimation of the signal and
background acceptances. These k-factors correspond to an
increase of 22% in the tt¯W± cross-section and an overall
increase of 26% in the combined tt¯Z/H/γ∗ cross-section.
For the signal process, we approximate the k-factor as that
of the tt¯Z process (+23%).
4. Results
The mass spectra generated after the selection proce-
dure described in Section 3 is shown in Fig. 2. The
usual invariant mass m(τ±h , `
∓) is found to have the best
shape determination and signal-to-background yield in
comparison to various transverse-mass constructions such
as mT (τ
±
h , `
∓) or mT (τ±h , `
∓, /ET ).
To evaluate the projected sensitivity to this model at
benchmark luminosities (300 and 3000 fb−1), we construct
a parametrically defined log-likelihood function of gq and
mZ′ , holding gτ fixed without loss of generality. To do
this, we first perform fits to the signal and background
mass spectra and use them to model the asymptotic form
of the mass spectrum for each point in model parameter
space. Crystalball distributions (constituting a power-law
tail attached to a gaussian core) are used to fit the signal
shape for seven samples mZ′ points between 40 and 300
GeV as well as the combined background shape; see Fig. 2
as an example. Linear fits on the shape parameters as a
function of mass allow us to interpolate smoothly between
mass points. Additionally, to stabilize the interpolation,
the power law order parameter n of the Crystalball was
fixed to natural numbers excluding zero, and for these
choices the best set of fits was found at n = 1. The
normalization as a function of mZ′ was parameterized
using a fit to ∝ m−1Z′ . Changes in the coupling gt also shift
the normalization up and down by a factor of g2t following
from the factor of g2qg
2
τ in the gg → tt¯Z ′(τ+τ−) cross
section. The Crystalball parameter fits are shown in Fig. 3.
3
20 40 60 80 100 120 140 160 180 200 220
)± , l±hτM(
0
10
20
30
40
50
-
1
Ev
en
ts
 @
30
00
 fb *γttZ/H/
ttW
ttZ' (40 GeV)
ttZ' (70 GeV)
ttZ' (150 GeV)
ttZ' (300 GeV)
Figure. 2: Mass spectra for tt¯Z′ in the semileptonic ditau channel
with the counts and statistical error bars scaled to 3000 fb−1 (before
the k-factor NLO enhancement is applied). The signal samples were
generated with couplings gt = 0.1 and gτ = 0.5. Crystalball fits
are shown as solid lines and the tt¯Z/H/γ∗ and tt¯W backgrounds are
stacked.
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Figure. 3: Crystalball shape parameters from left to right: µ (mean),
σ (width), and α (gaussian-to-power-law transition parameter). The
power law order parameter is fixed at n = 1. On the far right we fit
the integral over the invariant mass spectrum N for couplings gq = 0.1,
gτ = 0.5 at 3000 fb
−1.
We define a log-likelihood likelihood function over the
asymptotic binned events Ns+b(gq,mZ′) tested against
the background-only hypothesis Nb ∼ (tt¯W + tt¯Z/γ∗/H).
We calculate the expected number of events by integrat-
ing the signal and background fits on M(τ±h , `
∓) between
bin edges. We test the signal-plus-background prediction,
µi ≡ N is+b(gt,mZ′), against the background prediction
ηi ≡ N ib in each bin i for gτ = 0.5 fixed. The log-likelihood
is given by the Poisson model in Equation 6.
L =
∑
bins i
(
ηi lnµi − µi − ln Γ(ηi + 1)
)
(6)
Here we have used the Gamma function Γ(ηi + 1) in order
to analytically continue the usual factorial term to handle
continuous numbers of events ηi. To perform the likeli-
hood scan, we use the MultiNest bayesian inference pack-
age [50] using flat priors on gt and mZ′ to determine the
credible regions in (mZ′ , gq) space. MultiNest evaluated
the posterior distributions using an evidence tolerance of
0.1 and a sample efficiency of 0.3.
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Figure. 4: Projected limits on mZ′ versus gt with fixed gτ = 0.5
for the minimal framework where the Z′ boson couples only to right-
handed top quarks and right handed tau leptons. The dark blue, blue,
and light blue regions represent the projected 95% exclusion from the
LHC at 150, 300, and 3000 fb−1 of integrated luminosity, respectively.
The limit from Rµτ in Υ decays (shown in dashed line) is valid only to
models in which gt = gb.
The resulting 95% (∼ 2σ) credible exclusion on gt and
mZ′ is shown in Fig. 4 for 150, 300, and 3000 fb
−1 of
integrated luminosity. The tau coupling was fixed to gτ =
0.5, but one may easily extrapolate the calculated limits
to a new value, g′τ , by rescaling the exclusion curves as
g′t = (0.5/g
′
τ )gt.
The limit contrasts nicely with the EM19 analysis in
that we are limited to mZ′ & 30 GeV but can achieve sta-
ble performance across masses greater than 80 GeV where
EM19’s analysis begins to lose performance. We remind
the reader that how our results and EM19’s fit together de-
pends on the relationships between the various couplings
in the full model. We also perform a scan over the cross-
section times branching ratio σ(pp→ Z ′)×BR(Z ′ → ττ),
shown in Fig. 5. For this limit calculation we scale the sig-
nal shape according to
(
σ ×BR(Z ′ → ττ)
pb
)
×
(
L
pb−1
)
×
(m) where L is the luminosity and (m) is the signal effi-
ciency parameterized by the Z ′ mass. The increased sen-
sitivity with mass in Fig. 5 is therefore purely due to the
selection efficiency.
Some existing search results may be re-interpreted as
additional limits on the model considered here. For exam-
ple, a search for pair-production of third-generation lep-
toquarks (LQ3s) studies a final state with an electron or
muon, two hadronically decaying tau leptons, and jets as a
signature of the LQ3→ tτ decay [51]. The “Category B”
selection in this analysis began with requiring an isolated
muon or electron with pT > 30 GeV, an opposite-sign (OS)
ditau pair with pT (τh) > 65 and 35 GeV, at least 3 jets,
and missing transverse energy /ET > 50 GeV. We find the
re-casted limits will not be as competitive as the limit de-
rived from Υ decays at the BaBar experiment. Another
example is a search for a pseudoscalar A produced by bb¯
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Figure. 5: Projected limits on mZ′ versus the total cross-section times
branching fraction σ(pp → Z′) × BR(Z′ → ττ) for the minimal frame-
work where the Z′ boson couples only to right-handed top quarks and
right handed tau leptons. The dark blue, blue, and light blue regions
represent the projected 95% exclusion from the LHC at 150, 300, and
3000 fb−1 of integrated luminosity, respectively.
fusion and decaying into tau leptons [14], which is comple-
mentary to our case, setting limits on the gb coupling of
our Z ′ model.
5. Conclusion
We have investigated the phenomenology of the Z ′ bo-
son decaying to tau leptons with exclusive third-generation
couplings in the mass range mZ′ ∈ [30, 350] GeV produced
in association with top quarks in the high-luminosity era
of the CERN LHC. Although our focus was placed on the
τhτ` channel in order to suppress QCD and tt¯ backgrounds
using light lepton triggers, a study of how the τhτh channel
is worth pursuing. It should be noted that for right-handed
top couplings, the Z ′ bosons are almost entirely uncon-
strained by existing experiments, opening the opportunity
to make new exclusions of right-chiral models that exceed
any existing constraints, using luminosities available by
the early runs of the HL-LHC. The search strategy pre-
sented here should be complementary to one aiming to
discover the Z ′ boson through bb¯ production and decay to
tau leptons.
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